ABSTRACT: Cubic In 2 O 3 microparticles with exposed {001} facets as well as single morphology and size are produced on a large scale on silicon with a high yield. The morphological evolution during chemical vapor deposition is investigated and the new knowledge enables precise facet cutting. The synthesized Cubic In 2 O 3 microparticles possess superior photoelectrocatalytic activity and excellent chemical and structural stability in oxygen evolution reaction on account of the unique surface structure and electronic band structure of the {001} facets. Our results reveal that it is feasible to promote the photolectrochemical water splitting efficiency of photoanode materials by controlling the growth on specific crystal facets. The technique and concept can be extended to other facet-specific materials in applications such as sensors, solar cells, and lithium batteries.
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SECTION: Surfaces, Interfaces, Porous Materials, and Catalysis C ontrolled growth on specific crystal facets of inorganic functional materials has spurred many promising applications in photocatalysis, 1−4 photoelectrochemical (PEC) water splitting, 5 dye-sensitized solar cells, 6 gas sensing, 7 and lithium batteries. 8 Among these applications, PEC water splitting based on oxidation−reduction at the semiconductor/ electrolyte interface is of particular interest as it integrates both solar energy collection and H 2 /O 2 evolution. 9−11 Crystal facets with different atomic arrangements not only offer different active sites to break chemical bonds, but also create different barriers at the semiconductor/electrolyte interface, thereby providing the opportunity to design new materials with enhanced PEC performance. 12, 13 It has been shown that photoexcited electrons and holes can gather on different crystal facets leading to increased separation of photogenerated electron/hole pairs. 14−18 This also implies that the exposed crystal facets play an important role in the PEC properties of semiconductor photoelectrodes, and precise control of the crystal facet is crucial.
Indium oxide (In 2 O 3 ) with a body-center-cube (bcc) structure is an ideal model photocatalyst on account of its proper band-edge position, excellent conductivity, and superior PEC stability. 5,15,19−22 Unique to In 2 O 3 facets is that polar {001} facets have the capability to dissociate adsorbed H 2 O molecules into H + and OH − , whereas nonpolar {111} facets cannot do so. 5, 15 This suggests that the photocatalytic activity can be enhanced appreciably by precise cutting of the specific crystal facets. 23 In addition, our first-principles calculation suggests that a new valence sub-band appears just below and very close to the Fermi level defined as the energy of the highest occupied state set to zero energy according to customary convention because of the cleaving of the {001} facets. 5, 15 It is crucial to accumulate the positively charged holes on the {001} facets because the valence sub-band is originally totally filled, and any deviation from this full situation should cause creation of holes. Thus, it is possible that In 2 O 3 cubes with only the {001} facets exposed possess significantly enhanced PEC water splitting activity. The working principle of this photoanode system is illustrated in Figure 1 . In 2 O 3 cubes absorb photons that cause generation of both valence band holes and conduction band electrons. Energetic electrons flow to the cathode (Pt) via the external circuit and participate in the hydrogen evolution half-reaction, whereas energetic holes accumulate on the {001} facets due to the new valence subband, where these holes can transfer to the adsorbed water molecules to produce oxidation reaction. When the adsorbed water molecules are dissociated into H + and OH − , transfer of holes is expected to be more efficient because the activation barrier of oxygen evolution is reduced significantly. That is, the photogenerated holes have lower activation barrier to oxidize −OH than directly split water. Consequently, the oxygen evolution reaction continues in concert with the sustained dynamic process of H 2 O adsorption and dissociation. Truncated octahedral In 2 O 3 microcrystals have recently been synthesized. 5 Owing to the presence of the exposed {001} 26−29 the yield tends to be low and size is nonuniform, thereby making it difficult to study the photoactivity of different facets accurately. In addition, most importantly, the underlying mechanism of In 2 O 3 morphological evolution is not clear, and, in fact, some reports about the effects of the synthesis parameters on morphology evolution are sometimes contradictory. 30, 31 In this work, we systematically investigate the morphological evolution mechanism of In 2 O 3 microcrystals, and with the new understanding, cubic In 2 O 3 microcrystals with a single morphology and uniform size are produced on a large scale with a high yield by a modified chemical vapor deposition (CVD) method ( Figure S1 in Supporting Information). The facet-controlled In 2 O 3 microcubes show a larger photocurrent density in PEC water splitting than those with a smaller percentage of the exposed {001} facets and the Faraday efficiency of oxygen evolution reaction reaches 91.7%. The results provide evidence about the importance of precise and controlled facet cutting of inorganic microcrystals.
Previous reports have demonstrated that the crystal morphology of a cubic structure is dictated by the ratio (R) between the growth rates along the ⟨001⟩ and ⟨111⟩ directions and intrinsically determined by the surface energy of the facets. 24, 32 With regard to the bcc In 2 O 3 , the sequence of surface-energy (γ) for low-index crystallographic facets is γ {111} < γ {001} < γ {110} , and the growth rate of the corresponding facets follow the same sequence. 33 Consequently, altering the relative order of the surface energy is prerequisite to precise control of the In 2 O 3 crystal morphology. In the CVD approach, the surface energy sequence can be altered by gas-phase supersaturation related to the growth temperature. 28, 34, 35 A large quantity of cubic In 2 O 3 microcrystals with good uniformity is fabricated by the modified CVD route at 1000°C based on the carbothermal reduction reaction ( Figure S2 in the Supporting Information). Figure 2a shows that the cubic In 2 O 3 crystals have a narrow size distribution, and the average size is approximately 1 μm (Figure 2b ). The inset in Figure 2b shows the magnified field-emission scanning electron microscopy (FE-SEM) image of an individual cube with smooth square facets. The shape is described by the 3D representation in Figure 2c . Figure 2d presents the X-ray diffraction (XRD) pattern of the cubic In 2 O 3 crystals and standard card (JCPDS card No. 06-416). All the diffraction peaks can be indexed to the bcc structure of In 2 O 3 (space group I a 3 , T h ) except those from the silicon substrate ( Figure S3 in the Supporting Information). Moreover, the diffraction intensity ratio of the (400) to (222) peak is much larger than that in the standard powder pattern To investigate the influence of the growth temperature on the In 2 O 3 microcrystal morphology, experiments are also carried out at different temperature between 920 and 980°C, while keeping the other experimental parameters the same. When the growth temperature is set to 980°C, uniform truncated cubes are obtained with a high yield ( Figure S4a ,b in the Supporting Information). The average size is almost the same as that of the cubes. The magnified FE-SEM image shows that the truncated cube is enclosed by six {001} and eight {111} facets. When the temperature is further reduced, the morphology evolves from cuboctahedral to truncated octahedral and finally octahedral with high symmetry ( Figure S4c −h in the Supporting Information). That is to say, the area ratio of the {001} to {111} surface decreases gradually as the temperature is decreased. This is further corroborated by XRD ( Figure S5 in the Supporting Information). The diffraction intensity ratio of the (400) to (222) peak decreases from 6.5 for cubes to 4.5, 3.8 for truncated cubes and cuboctahedrons, respectively. In addition, the detailed TEM analysis of the truncated cubes and cuboctahedrons provides the same conclusion ( Figure S6 in Supporting Information). According to the ultraviolet−visible (UV−vis) diffusive reflectance spectra acquired from the cubes, truncated cubes, and cuboctahedrons, no obvious difference is observed from the absorbance edges, and all the band gaps are estimated to be about 2.78 eV for these polyhedrons ( Figure S7 in the Supporting Information).
According to the temperature-dependent vapor pressure profile ( Figure S8 in the Supporting Information), it can be deduced that the gas-phase supersaturation of In 2 O 3 increases gradually with temperature. To determine the relationship between the supersaturation (growth temperature) and relative growth rate of crystal facets, the growth mechanism of the cube is investigated at different stages, and the results are illustrated in Figure 4 .
The CVD process of In 2 O 3 includes two sequential stages: (i) formation of In 2 O 3 vapor by chemical reactions occurring in the source materials (discussed in detail in the Supporting Information) and (ii) nucleation and growth of In 2 O 3 nanocrystals on the silicon substrate. In the early stage, supersaturation is low and a large quantity of In 2 O 3 exhibits the hexapod-like morphology due to the faster growth rate along the ⟨001⟩ direction ( Figure 4a ,b and Figure S9a ,b). Afterward, newly arriving In 2 O 3 clusters adsorb on the surface. They are not immediately incorporated into the crystal lattice but are able to diffuse on the surface. In this process, the surface diffusion rate of newly arriving clusters is determined by supersaturation. 36 As growth proceeds, supersaturation reduces the surface diffusion rate of the adsorbed In 2 O 3 clusters and probability to migrate to the {001} facets with large surface energies. These hexapod-like nanocrystals have a large density of defects such as kinks, ledges, and steps, and growth on the {001} facets is hindered by the defects. When the growth rate on the ⟨001⟩ direction (defined as γ ⟨001⟩ ) is decreased to some extent and becomes comparable to that on the ⟨111⟩ direction (denoted as γ ⟨111⟩ ), the morphology of the In 2 O 3 nanocrystal Figure S9c ). With increasing supersaturation, γ ⟨111⟩ far exceeds γ ⟨001⟩ , and thus more adsorbed In 2 O 3 clusters are integrated into the lattice along the ⟨111⟩ direction instead of ⟨001⟩ as a result of energy conservation (Figure 4d,e) . 37 It is noted that some circular growth steps can be observed from the intermediate product, which stems from growth on the {111} facets ( Figure S10 in the Supporting Information). Finally, regular cubes surrounded by smooth {001} facets form ( Figure  4f ). The observation indicates that the ratio (R) between the growth rates along the ⟨001⟩ and ⟨111⟩ directions decreases with increasing supersaturation. The higher the temperature, the higher the supersaturation, and the high temperature leads to exposure of more high-energy facets. As a result, the ratio (R) decreases with increasing temperature. The findings provide the crucial clue in order to understand the temperature-dependent morphological evolution. As the temperature is reduced from 1000 to 920°C, R varies from 0.58 to 1.73 resulting in transformation from the cubical to octahedral morphology. This corresponds to gradual reduction of the percentage (defined as P) of the exposed {001} facets as shown in Figure 4f −j. Different gas flow rates lead to different positions of the largest supersaturation in the growth tube and thus drive the morphology evolution of microcrystals at a specific location. 27, 34 To demonstrate this effect, more investigation is performed, and it is found that when the flow rate is reduced to 100 sccm (standard-state cubic centimeter per minute), only slightly truncated In 2 O 3 microcubes are formed under the same other reaction conditions ( Figure S11 in the Supporting Information). Since the experiments used to produce these microcubes are performed at a large flow rate of 150 sccm in a small-diameter quartz tube, this results in only slightly different supersaturation along the gas flow direction. Hence, no noticeable morphology change is observed at different flow rates. This reflects that the flow rate is not the main factor here, whereas supersaturation closely related to both the growth temperature and tube diameter is the primary driving force of the crystal morphology evolution. This is also the reason why we can obtain uniform microcubes at 1000°C.
To evaluate the PEC water splitting properties of the In 2 O 3 cubes, photoelectrocatalytic tests are conducted in a deaerated (purified with high purity N 2 (99.9995%)) three-electrode configuration ( Figure 5 This demonstrates that the photocurrent in the process of PEC water splitting is proportional to the percentage of the exposed {001} facets among all the exposed facets.
To further identify the origin of the photocurrent, the powerand wavelength-dependent photocurrent responses are examined. The photocurrent density of the In 2 O 3 cubes increases with input light power because of more absorbed photons (Figure 5c ). Under irradiation by UV-blue light, the In 2 O 3 cubes/Si substrate shows a large photocurrent response, but the response is reduced largely when irradiated with 500−700 nm light ( Figure S14a-b) . Since the photoexcited electron−hole pairs can still be produced by 500−700 nm irradiation for the Si substrate, the enhanced photocurrent response is not due to the Si substrate. In addition, the charge transport across the Si substrate/In 2 O 3 junction is examined using the J−V characteristics, and a similar conclusion is obtained ( Figure S14c ). PEC water splitting performance can also be influenced by the resistivity of the sample, and a lower resistivity usually leads to a larger photocurrent density. However, in the present case, the resistivity of the In 2 O 3 cubes is 1.5 Ω·cm, which is larger than that of In 2 O 3 truncated octahedrons (0.58 Ω·cm) and octahedrons (0.35 Ω·cm). 5 In addition, the nearly identical absorption features in all the polyhedral samples indicate that the enhanced oxygen evolution reaction (OER) of the In 2 O 3 microcubes cannot be ascribed to improved solar light harvesting due to narrowing of the band gap caused by oxygen vacancies, as reported by previous investigations. 19, 20 The above results imply that the superior photoelectrocatalytic performance of the cubic microcrystals is not due to modification of both the resistivity and absorption feature, but instead the surface structure. The electrochemical impedance spectroscopy data also show clearly that the In 2 O 3 cubes possess a much lower hole transfer resistance from the surface than octahedrons, thus suggesting the existence of a surface state at the In 2 O 3 {001} facet where holes gather ( Figure S15 in the Supporting Information). 38−40 In other words, the exposed {001} facets play a decisive role in the enhanced photoelectrocatalytic activity. It is evident that the {001} facets of In 2 O 3 possess far better photoelectrocatalytic properties than the {111} facets.
The chemical and structural stability against anodic photooxidation is important to photoanode materials. Figure 5d displays the photocurrent−time (I−t) curves of In 2 O 3 microcrystals at a constant potential of 0.22 V vs Ag/AgCl under illumination for 150 min. The photocurrent density is very stable, and there is no sign of deterioration in the photocurrent during the entirely measured 20 h ( Figure S16a in the Supporting Information). To determine whether the photocurrent stems from the OER on the In 2 O 3 cube-based photoanode, the amount of oxygen evolved from the photoanode is quantified by a fluorescence sensor and calculated from the I−t curve assuming 100% Faradaic efficiency (Figure 5d ). The amount of evolved oxygen increases linearly with illumination time, suggesting that oxygen evolution is persistent during the entire 150 min of PEC water splitting, and the Faraday efficiency of OER is 91.7%. The 8.3% loss in the Faraday efficiency at 150 min may be due to gas leakage ( Figure S16b in the Supporting Information), which can be improved by a better design of the gas test system. 41 Figure S17 shows the SEM and XRD patterns of the In 2 O 3 cube-based photoanode after water splitting for 150 min. The surface morphology and crystal phase of the In 2 O 3 cubes remain stable, suggesting that the cubic In 2 O 3 photoanode has high stability in OER. Our results show that the good PEC water splitting characteristics rendered by the In 2 O 3 cubes are due to a precise facet.
In conclusion, In 2 O 3 cubes with exposed {001} facets as well as single morphology and size are produced on a large scale on silicon with a high yield. The morphological evolution during CVD is investigated, and the new knowledge enables precise facet cutting. The synthesized In 2 O 3 cubes possess superior PEC activity and excellent chemical and structural stability in OER on account of the unique surface structure and electronic band structure of the {001} facets. Our results reveal that it is feasible to promote the PEC water splitting efficiency of photoanode materials by controlling the growth on specific crystal facets. The technique and concept can be extended to other facet-specific materials in applications such as sensors, solar cells, and lithium batteries. 
Experimental methods
Sample preparation: The indium oxide (In 2 O 3 ) microcrystals were prepared at ambient pressure using an improved CVD system as illustrated in Figure S1 in Supporting Information. An n-Si (100) The carbothermal reduction in the In 2 O 3 microcrystal growth includes two steps: Figure S8 and the vapor pressure of In 2 O 3 increases with temperature. Since the photoexcited electron-hole pairs can still be produced under 500-700 nm irradiation for the Si substrate, the enhanced photocurrent response is not due to the Si substrate. In addition, the charge transport across the Si substrate/In 2 O 3 junction is examined based on the J-V characteristics and a similar conclusion is obtained ( Figure S14c ). It can be seen that the photocurrent is stable at 2.1 mA/cm 2 for 20 h under continuous illumination ( Figure S15a ). In addition, the amount of O 2 gas leaked from the test device is 2.47 mol and accounts for 5% in the given 150 min test ( Figure S14b in Supporting Information). Hence, the 8% loss in the Faraday efficiency in 150 min may be due to gas leakage.
